Abstract: Novel electron-acceptor materials based on poly(thienylene ethynylene) derivatives (PTE-BT and PTE-DCNTB) were synthesized and characterized by FT-IR spectroscopy. Their thermal, electrochemical and optical properties were investigated. The π-conjugated polymers are soluble in common organic solvents. The maximum UV-Vis absorptions of PTE-BT and PTE-DCNTB in solution are observed at 460 and 390 nm, respectively. The electrochemical band gap was found to be 1.89 eV for PTE-BT and 2.01 eV for PTE-DCNTB. Both polymers are promising as electron-acceptor materials for photovoltaic applications.
Introduction
π-Conjugated oligomers and polymers have been actively investigated for a variety of optoelectronic applications, such as field effect transitors (FETs), lasers, light emitting diodes (LEDs) and organic solar cells. Optical devices using these materials are also approaching commercial application due to their low cost, ease of processing and flexibility.
Since Santa Barbara [1] and Osaka groups [2] reported the ultrafast reversible metastable photoinduced electron transfer from conjugated polymers to Buckminster fullerene in solid films in 1992, polymer photovoltaic cells have gained enormous interest. A variety of novel materials such as D-A (Donor-acceptor) block polymers [3] , "Double Cable" polymers [4] , novel low band gap polymers [5] , light-harvesting dendrimers [6] , polythiophenes with conjugated side-chain [7] were reported in recent years. Moreover, there have been some reports on new conjugated polymer acceptor materials [8] [9] [10] [11] [12] [13] [14] [15] . Introduction of electron-deficient rings to the main chain is an important method for the preparation of electron-acceptor materials. However, the investigations on conjugated electron-acceptor materials are quite limited as compared to extensive researches on the donor materials.
In contrast to the poly(phenylene ethynylene) (PPEs) type polymers, poly(thienylene ethynylene) (PTEs) type polymers with structures similar to those of the PPEs, received much less attention, probably due to the fact that their absorptions do not match well the solar spectrum compared with other conjugated polymers. PTEs have shorter effective conjugated length than PPEs [16] , so it may exhibit some special photophysical properties. As yet only limited publications on PTEs are available [17-18; electron-acceptor materials based on PTEs are scarcely reported.
In this paper, two novel PTEs derivatives containing benzothiadiazole (BT) (PTE-BT) or 1,4-bis(β-cyano-p-styryl)benzene (DCNTB) (PTE-DCNTB) unit were synthesized. The main chain of the two polymers is composed of alternating donor and acceptor units, which results in the red shift in the absorption λ max relative to pure PTE. The electrochemical properties of these polymers suggest that these polymers could be used as electron-acceptor materials for photovoltaic applications.
Results and discussion
Polymers used in this study are two novel poly(thienylene ethynylene) (PTEs) derivatives which contain benzothiadiazole (BT) co-monomer (named as PTE-BT) and 1,4-bis(β-cyano-p-styryl)benzene (DCNTB) unit (named as PTE-DCNTB) (Scheme 1). The main chain of the two polymers is composed of alternating donor and acceptor units, which results in the red shift in the absorption λ max as compared to pure PTE. Scheme 1. Molecular structures of PTE-BT and PTE-DCNTB. Fig. 1 shows the UV-Vis and PL spectra of the PTE-BT and PTE-DCNTB in chloroform solution. The maximum absorptions of PTE-BT and PTE-DCNTB in solution are observed at 460 nm and 390 nm, respectively, which are attributed to the π-π* transition of π-conjugated segments. The absorption wavelength of the two polymers shows a blue-shift about 20 nm compared with that of poly(phenylene ethynylene)s (PPEs) containing the same comonomer units [19] , probably due to the fact that the effective conjugated length of PTEs is shorter than that of PPEs. This is because that the angle between the C-C triple bond linked to the thiophene ring is not 180 degree, that is, the π-electrons are not in the same plane. The maximum absorption of PTE-BT is in visible region, which reveals that PTE-BT polymer may be a potential material for photovoltaic applications. The emission peaks of the polymers PTE-BT and PTE-DCNTB are at 543 nm (excited at 460 nm) and 510 nm (excited at 390 nm), respectively. The above results indicate that the two poly(thienylene ethynylene)s, PTE-BT and PTE-DCNTB, exhibit strong photoluminescence emission, which endows them with great potentials in LED applications similar to poly(ethylene)s. red of PTE-BT is -0.72 V which is higher than MEH-PPV (-1.48 V) and CN-PPV (-1.38 V) [20] . The results indicate that PTE-BT can accept electrons more easily compared with the two PPVs mentioned above, because C-C triple bond is an electron-drawing group and benzothiadiazole is also a good electron-acceptor. For PTE-DCNTB, the [Eon] red is -0.68 V which is higher than the PPVs because of the existence of the C-C triple bond and cyano-group. The [Eon] ox of the PTE-BT and PTE-DCNTB are 1.17 V and 1.33 V, respectively, which are higher than that of MEH-PPV(0.7 V) and CN-PPV(1.15 V) [20] . It can be inferred that the PTEs are more difficult to be oxidated than the PPVs. 
Experimental part

Sample Preparation
PTE-BT and PTE-DCNTB were synthesized via cross-coupling polycondensation with bis(triphenylphosphine) dichloropalladium (Pd(PPh 3 ) 2 Cl 2 ) and phase transfer catalyst benzyltriethylammonium chloride (BTEAC) [19] . IR (KBr, cm 
Measurements
FT-IR spectra were recorded on a Bruker Vector 22 IR spectrometer. The UV-Vis spectrum was recorded on a Varian Cary 100 Bio UV-Vis spectrophotometer. The temperature of onset weight loss was determined with a Delta Series TGA-7 in nitrogen at heating rate of 10 o C/min. The photoluminescence (PL) was recorded on a Perkin Elmer LS 55 Lumniscene Spectrophotometer.
Cyclic voltammetry was performed on a CHI440 Electrochemical Workstation. It was carried out in 0.1 M tetrabutylammonium perchlorate (TBAP)/dichloromethane, where the polymer concentration was 1-2 mg/mL, with platinum wires as both counter and working electrodes, and Ag/Ag + as a reference electrode. The ionization potential (IP) and electron affinity (EA) of the polymer solution were estimated using the following relations [21, 22] 
